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BISTABLE LIQUID CRYSTAL DEVICE 



FIELD OF INVENTION 

The present invention is related to a liquid crystal device, and particularly to a 
bistable bend-splay liquid crystal device. 



BACKGROUND OF INVENTION 

Liquid crystal displays that are truly bistable under zero voltage bias are 
desirable for many practical applications. There are several types of bistable displays 
based on liquid crystals. They all have their advantages and drawbacks. For example, 
there is a large body of literature on the bistable cholesteric display where the bistable 
states are the focal conic and the planar alignment states. Another class of bistable 
liquid crystal display is based on ferroelectric type liquid crystals. Here the bistable 
states are both homogeneous alignment states with different orientations. The 
difference in orientations is determined by the angle of the dipole moment and the 
director of the liquid crystal molecules. 

Yet another class of bistable liquid crystal display is based on the twisted 
nematic effect in a liquid crystal display. It relies on the interplay between the 
elasticity of the liquid crystal and the surface anchoring conditions. These are bistable 
twisted nematic displays where the bistable states are both twist states. In the 
Berreman bistable twisted nematic liquid crystal display, the bistable twist states are 
zero twist and 360° twist states (See, D. W. Berreman and W. R. Heffner: J. Appl 
Phys. SI (1981) 3032; and D. W. Berreman: J. Opt. Soc. Am. 63 (1973) 1374.). 
Kwok et al teaches a generalization of such bistable twisted nematic displays where 
the bistable twist states are (j> and <}>+2n twist states where <p can be several fixed 
values, both negative and positive (See, H. S. Kwok: J. Appl. Phys. 80 (1996) 3687, T. 
Z. Qian, Z. L. Xie, H. S. Kwok and P. Sheng: Appl Phys. Lett. 71 (1997) 596, Z. L. 
Xie and H. S. Kwok: Jpn. J. Appl. Phys. 37 (1998) 2572, and Z. L. Xie and H. S. 
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Kwok: J. Appl. Phys. 84 (1998) 77.). These <f> values have be calculated and 
experimentally verified. These Berreman bistable twisted nematic displays can be 
called 2flr-BTN displays (See, D. W. Berreman and W. R. Heffher: J. Appl Phys, 52 
(1981) 3032; and D. W. Berreman: J. Opt Soc. Am. 63 (1973) 1374.). 

Durand et al teaches another variant of the bistable twisted nematic display 
where the bistable twist states are zero and 180° twist states (See, I. Dozov, M. Nobili 
and G. Durand: Appl Phys. Lett. 70 (1997) 1179.). The switching of such display is 
more difficult, but not impossible, than the Berreman bistable liquid crystal displays. 
Again Kwok et al teaches a generalization of such 7T-BTN displays where the bistable 
twist states are ^and <fri-K twist states, where ^can be one of several published values 
(See, H. S. Kwok: J. Appl Phys. 80 (1996) 3687, T. Z. Qian, Z. L. Xie, H. S. Kwok 
and P. Sheng: Appl Phys. Lett. 71 (1997) 596, Z. L. Xie and H. S. Kwok: Jpn. J. 
Appl Phys. 37 (1998) 2572, and Z. L. Xie and H. S. Kwok: J. Appl Phys. 84 (1998) 
77.). 

Yet there is another kind of bistable display, based on twisted nematic liquid 
crystals. It is an invention of Jones et al and is based on the bistable surface alignment 
conditions on an asymmetric grating surface (See, G. P. Bryan-Brown, C. V. Brown 
and J. C. Jones: Patent GB 9521106.6 (Oct 1995).). The liquid crystal molecules just 
outside the grating surface can be either homogeneously aligned or homeotropically 
aligned. This leads to a bistable alignment of the liquid crystal cell. This bistable 
display can be switched by the application of an electrical pulse to select either one of 
the surface conditions. 

Further, Boyd et al {Appl Phys. Lett. 36, 556 (1980)) presented a bistable 
display based on the bend-splay deformation. That display was also based on a guest- 
host effect with absorbing dyes and thick liquid crystal cells. The voltages needed for 
switching were very high and impractical. 

It is therefore the object of the present invention to provide another bistable 
liquid crystal device. 
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SUMMARY OF INVENTION 

In accordance with the objects of the present invention, there is provided in 
one aspect a bistable liquid crystal device having a first substrate having thereon a 
first conductive layer and a first alignment layer; a second substrate having thereon a 
second conductive layer and a second alignment layer; and a liquid crystal layer 
sandwiched between the first and second alignment layers. The first alignment layer 
induces a first pretilt angle 0/ in the range of 20°-65° between the liquid crystal layer 
in contact with the first alignment layer. The second alignment layer induces a 
second pretilt angle 6 2 in the range of 20°-65° between the liquid crystal layer in 
contact with the second alignment layer. The liquid crystal layer is capable of 
maintaining a stable bend state or a stable splay state at zero bias voltage and is 
switchable between the stable bend state and the stable splay state when a switching 
energy is applied in operation to the liquid crystal layer. 

In the preferred embodiment, the liquid crystal layer has a positive dielectric 
anisotropy and a cell gap-birefringence product 0.31±0.1^m. 

In another aspect of the present invention, there is provided a method for 
producing a bistable state in a bistable liquid crystal device. The bistable liquid crystal 
device includes a first substrate having thereon a first conductive layer and a first 
alignment layer, a second substrate having thereon a second conductive layer and a 
second alignment layer, and a liquid crystal layer sandwiched between the first and 
second alignment layers. The method comprises inducing a first pretilt angle 0/ in the 
range of 20°-65° between the liquid crystal layer in contact with the first alignment 
layer; inducing a second pretilt angle 6 2 in the range of 20°-65° between the liquid 
crystal layer in contact with the second alignment layer; aligning the liquid crystal 
layer either in a stable bend state or in a stable splay state at zero bias voltage; and 
applying a switching energy to the liquid crystal layer to switch the liquid crystal 
layer between the stable bend state and the stable splay state. 
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The bistable bend-splay liquid crystal device according to the present 
invention has better viewing angles, better contrast ratios, faster selection and lower 
operating voltages than the other bistable displays based on the twisted nematic effect. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic diagram showing the angles of the liquid crystal 
molecules relative to the alignment. 

Figure 2A is a perspective diagram illustrating how the liquid crystal is 
aligned in a typical bend state. 

Figure 2B is a perspective diagram illustrating how a liquid crystal is aligned 
in a typical splay state. 

Figure 3 is a schematic diagram showing the tilt angle of the liquid crystal as a 
function of position inside the cell. 

Figure 4 is a cross-sectional view of a portion of a liquid crystal cell according 
to a preferred embodiment of the present invention. 

Figure 5 is an SEM photograph of the surface of I50nm SiO x layer deposited 
at an angle of 85°. 

Figure 6 is a perspective diagram illustrating a preferred embodiment of the 
structure of a passive matrix display. 

Figure 7 is cross-sectional view of a portion of a liquid crystal cell having 
patterned electrodes according to another preferred embodiment of the present 
invention. 

Figure 8 is a perspective diagram illustrating an interdigital structure of 
conductive layer electrodes. 

Figure 9 is a schematic diagram showing driving waveform of the electrical 
pulses to the interdigital electrodes. 

Figure 10 is a perspective diagram illustrating a structure of the passive matrix 
display with interdigital electrodes. 

Figure 1 1 is experimental demonstration results showing transmission of the 
cell as a function of the electrical pulses. 

Figure 12 is a diagram showing experimentally measured transmission spectra 
of the BBS display. 
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Figure 13 is a diagram showing driving voltages needed as a function of the 
duration of the driving pulses. 

Figure 14 is a diagram showing driving voltages needed as a function of the 
duration of the driving pulses. 
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DETAILED DESCRIPTION 

Referring to Fig. 1, the alignment of the liquid crystal molecules in a liquid 
crystal ceil may be described by the director orientation n(z) in the one-dimensional 
approximation. The vector function n(z) is fully represented by the functions 6(z) and 
#z), where the 0(z) is the polar angle and $z) is the azimuthal angle of the vector 
n(z). The alignment of the liquid crystal is governed by minimization of the total 
elastic energy which leads to the usual Euler-Lagrange equations as given by formulas 
(l)and(2) 

2 kl 8+^e 2 -^i 2 -^i-D 2 ±(-J—) = o (i) 

1 d$ dO* d6* d0{e zz (0)) 

2 k 2$ + &j = cons tan t (2) 

where kf k 2 k 3 and are given by 

ki(6) = K u cos 2 6 + K33 sin 2 6 (3) 

k 2 (6) = (K 22 cos 2 6 + K33 sin 2 6) sin 2 G (4) 

k 3 (0) =2q 0 K 22 cos 2 6 (5) 

£zz (Q) = £ // - cos 2 Q(z) (6) 
and D is the electric displacement. In equations (3) to (6), Kjj K 22 K 33 are, 
respectively, the splay, twist and bend elastic constants of the liquid crystal mixture, 
and £// and e± are the anisotropic dielectric constants and Ae=e//-e± is the dielectric 
anisotropy. The equilibrium alignment configuration of the liquid crystal cell can be 
obtained by solving equations (1) and (2), subjected to the boundary conditions, 
which are determined by the surface treatment of the liquid crystal cell. 

The solution of nonlinear coupled differential equations (1) and (2) is often not 
unique. There can be multiple solutions. Since the solutions are obtained by the 
minimization of the total elastic energy E, one has to calculate the elastic energy for 
the various stable configurations in order to find the solution with the absolute 
minimum energy. If the various stable solutions have nearly the same energy, multiple 
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solutions will exist, which is the basis of testability. Take the simplest case of a liquid 
crystal cell with a boundary conditions of <p(0) = <f>(d) = 0; and 0(0) = 0 t and 6(d) = 
-Qu where 9j is a constant and d is the cell gap. If K33 and Kji are nearly the same, it 
can be shown that the following two solutions will both satisfy the boundary 
conditions and equation (1): 

9(z) = e l (l-^) (7) 
a 

and 9(z) = 0/ + (fr - 29j)^- (8) 

d 

The reason is that the boundary conditions 0j and 7t-6t are equivalent. Now 
equation (7) represents a splay cell and equation (8) represents a bend cell 
respectively, as shown in Figures 2A and 2B. In particular, under a bend state, liquid 
crystal molecules 2 will align themselves vertically at and near the mid-point between 
substrates 1 as shown in Figures 2A, and under a splay state, liquid crystal molecules 
3 will align themselves horizontally at and near the mid-point between the substrates 
1 as shown in Figures 2B. 

The dependences of 6(z) for the two cases are also graphically shown in 
Figure 3. Each of these two solutions represents a local minimum in the total elastic 
energy space. 

It is possible to Find out the condition where the two solutions are equally 
likely by equating the elastic energy of the splay and bend deformation cells. The total 
elastic energy per unit wall area is given by the equation 
l d 

\(Ki i sin 2 0 + K 33 cos 2 9)Q 2 dz (9) 

2 o 

If the splay and bend cells have the same elastic energy, and if K33 and Ku are 
nearly the same, then the following equation can be derived: 

(K 33 - Kj j)sin20j +{n -40 } jK 33 + K n ) = 0 (10) 

By solving this equation, the condition for the pretilt angle such that the splay 
and bend deformation energies are the same can be obtained. For example, for p- 
methyoxybenzylidene-p'-butylaniline (MBBA), K33IK11-I.3, Hence 6j is about 47°. 
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In general it can be shown that 0j is always between 45° and 58° for all values of 
K 3 3lK Ih Under the condition that equation (10) is satisfied, bistability can be obtained. 
Actually bistability can be achieved even if the deformation energies for the bend and 
splay cells are slightly different. 

There is actually another possible solution to equation (1). It is a ^-twist cell. 
It can be proved that this ;r-twist state has a much higher total elastic energy than both 
bend and splay state and can be ignored. 

Thus, given the proper boundary condition and pretilt angle, the stable 
alignment configuration of the liquid crystal cell can either be a splay or a bend cell. 
This is the basis of our invention. Our invention involves the design of such a bistable 
bend-splay display and methods of driving it. In the practical device, the pretilt angles 
on the liquid crystal cell surfaces can be different. Thus it is possible to have 6(0) = 0, 
and 0(d) = -0 2 . For the general case, the bend and splay elastic deformation energies 
are the same, and thus bistability can be achieved if the following condition is 
satisfied: 

^(^33-^i.Xsin2^+sin2^ 2 )+(^ n +tf J ,X*-20 l -20 2 )=O (11) 
This equation is a generalization of equation (10). An example of 0j and 0 2 that can 
satisfy this equation when K 3 3lK n =1.3 is 0/ = 30° and 0 2 = 65°. 

As well, there can be a small degree of twist in the stable alignment in order to 
improve the optical properties. Thus it is possible that <j>(0) = 0 and <j>(d) = <j> Q iox 
some values of <j> 0 . 

Our invention is based on bistable bend and splay alignment of the liquid 
crystal cell. It can be called the bistable bend-splay liquid crystal display, or BBS 
display in abbreviation. 

Referring now to Figure 4, the liquid crystal cell includes a first substrate 4A 

and a second substrate 4B, typically made from two pieces of glass. The inner 

surfaces of said first and second substrates 4 A and 4B are respectively coated with 

conductive layers 5A and 5B, typically with transparent conductive layers of indium 

tin oxide (ITO). The ITO is then patterned to various shapes according to the display 
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to be desired, which will be described in detail later. Typically, liquid crystal 
alignment layers 6A and 6B are respectively deposited onto said conductive layers 5A 
and 5B. In addition, a liquid crystal layer 7 is sandwiched between said first and 
second alignment layers 6 A and 6B. Further, a pair of input and output polarizers 
(not shown) are positioned in parallel over said first and second substrates 4A and 4B. 
Typically, said pair of input and output polarizers respectively makes an angle of ±40° 
to ±60° with the liquid crystal alignment direction. Said first alignment layer 6A 
induces a first pretilt angle Oj between said liquid crystal layer 7 in contact with said 
first alignment layer 6A, and said second alignment layer 6B induces a second pretilt 
angle G 2 between said liquid crystal layer 7 in contact with said second alignment 
layer 6B. In particular, the alignment layers 6A and 6B are treated such that the 
pretilt angle of liquid crystal molecules 8A near said first alignment layer 6A make an 
angle of Gj to the surface of said first alignment layer 6A, and liquid crystal molecules 
8B near said second alignment layer 6B make an angle of 0 2 to the surface of said 
second alignment layer 6B respectively. The liquid crystal molecules in the middle of 
the liquid crystal cell will be at an angle that depends on the driving conditions. To 
maintain the bistable bend-splay states at zero bias voltage, large pretilt angles Gi and 
02 are required. Typically, G/ and G 2 in the range of 20°-65° are required. Said pretilt 
angles 9j and 9 2 can be the same value or substantially different. 

The large pretilt angle that is required for bend-splay bistability can be 
obtained in one of several ways. The simplest way is to use photoalignment. It has 
been reported in the literature that photoalignment can be used to produce pretilt 
angles from 0 to 90° by adjusting the irradiation conditions. So it is possible to make 
the 40°-50° needed for 6i and 0 2 . It is also possible to use normal rubbing of 
polyimide to make large pretilt angles. The special polyimide required is the so-called 
side-chain polymers. 

Another method to make strong anchoring at large pretilt angles is by SiO x 
evaporation. We have experimental demonstration of the BBS display using SiO x 
evaporation, even though it is not the only way to do so. In our experimental 
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demonstration, the glass plates with ITO electrodes are treated by oblique SiO x 
evaporation with evaporation angle of 85°, and thickness of 6(M50nm these being 
known to give the oblique anchoring of the liquid crystal molecules. Different 
thickness gives different anchoring energy. The pretilt angle of LC using is around 
45° measured by the traditional crystal rotation method. 

In the evaporation system the distance between source and sample should be 
larger so that the uniformity can be obtained over the entire region of the sample. 
Figure 5 shows the scanning electron micrograph photograph of the surface of 150am 
SiO x layer deposited at an angle of 85°. This surface can produce the 45° pretilt of the 
liquid crystal molecules. 

Yet another method of obtaining a high pre-tilt angle is by using a mixture of 
vertical and horizontal alignment material to produce the alignment layer. In 
particular, following are two examples for obtaining high pre-tilt angles. 



Example 1 

Example 1 shows the procedures adopted to prepare an alignment layer 
capable of providing a pretilt angle of 44 degree. 
Materials: 

• The horizontal alignment material: purchased from Japan Synthetic 
Rubber Company (model number: JALS9203), which was in a solution 
form. (JSR Corporation, 5-6-10 Tsukiji Chuo-ku, Tokyo, 104-8410, 
Japan.) The solvent in JALS9203 comprises Y -butyrolactone (yBL), 
methyl-2-pyrrolidone (NMP), and Butyl cellosolve (BC). 

• The vertical alignment material: purchased from Japan Synthetic Rubber 
Company (model number: JALS2021), which was in a solution form. 
The solvent in JALS2021 comprises methyl-2-pyrrolidone (NMP) and 
Butyl cellosolve (BC). 
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• Substrate: an ITO glass coated with electrodes, purchased from Nanbo 
Company, Shenzhen, China. 

Procedures: 

0.95 g of horizontal alignment material solution and 0.05 g of the vertical 
alignment material solution were mixed together and stirred thoroughly. The mixture 
was applied to the substrate to obtain a soft solid film using spin coating. The spin 
coating was first operated at 800 rmp for 10 sec and then at 3500 rmp for 100 sec. A 
soft film consisting of the horizontal and vertical alignment materials was formed 
with remnant solvents. 

In order to drive out all the remnant solvents and to cure the polymers, the 
coated glass was placed in an oven. It was first baked at 100°C for 10 min (soft bake) 
and then baked at 230°C for 90min (hard bake). A hard film, i.e., the alignment layer, 
was formed. 

The surface of the alignment layer was subjected to rubbing treatment using a 
nylon cloth in such a way that the layer was rubbed in one direction one time. 

Result: 

The pretilt angle of the alignment layer produced accordingly to Example 1 
was 44 degree. 

Example 2 

Example 2 shows the procedures adopted to prepare an alignment layer 
capable of providing a pretilt angle of 53 degree. 

Materials: 

• The horizontal alignment material: purchased from Japan Synthetic Rubber 
Company (model number: JALS9203), which was in a solution form. 

• The vertical alignment material: purchased from Japan Synthetic Rubber 
Company (model number: JALS2021), which was in a solution form. 
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• Substrate: an ITO glass coated with electrodes, purchased from Nanbo 
Company, Shenzhen, China. 

Procedures: 

0.5 g of the solution of horizontal alignment material and 0.5 g of the solution 
of the vertical alignment material were mixed together and stirred thoroughly. The 
mixture was applied to the substrate to obtain a soft solid film using print coating as 
follows: 

A stainless steel rod of 2cm diameter and 5 inches long was placed on the 
substrate. A few drops of the mixture were placed underneath the rod until it spread 
out along the contact line between the rod and the surface of the substrate. The rod 
was then rolled or slided along the substrate surface to form a liquid film. 

The coated substrate was then placed on a hot plate at 100°C for 10 min to 
drive out all the solvents. It was then put in an oven for hard baking at 230°C for 
90min. A hard film consisting of vertical and horizontal alignment materials was then 
obtained. The spin coating was first operated at 800 rmp for 10 sec and then at 3500 
rmp for 100 sec. A soft film consisting of the horizontal and vertical alignment 
materials was formed with remnant solvents. 

In order to drive out all the remnant solvents and to cure the polymers, the 
coated substrate was placed in an oven. It was first baked at 100°C for 10 min (soft 
bake) and then baked at 230°C for 90min (hard bake), forming a hard film, i.e., the 
alignment layer. The surface of the alignment layer was subjected to rubbing 
treatment using a nylon cloth in such a way that the layer was rubbed in one direction 
one time. 

Result: 

The pretilt angle of the alignment layer produced accordingly to Example 2 
was 53 degree. 
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In example 1, the liquid film becomes a soft solid film by spin coating. The 
solvent is evaporated slowly so that the domains of H and V tend to be larger. Also 
the ratio of surface areas of H and V domains will favor the material that has a higher 
solubility in the mixed solvent since the material with a lower solubility will 
precipitate first. 

In example 2, the solidification is fast due to heating on a hot plate. Thus the 
domains tend to be smaller. The area ratio of the H and V domains will not be 
affected too much by the different solubility of the materials. 

The pretilt angles obtained by the procedures in example 1 and example 2 are 
different, even for the same mixture of H and V alignment agents. This is because of 
the different domain structures obtained using the different procedures. 

When a switching energy is applied in operation to the liquid crystal layer 7, 
the liquid crystal therein can be switched between the stable bend state and the stable 
splay state. Typically, the switching energy is an electrical pulse generated by the 
first and second conductive layers 5A and 5B. In one embodiment, the first and 
second conductive layers 5A and 5B are patterned into stripes that are substantially 
perpendicular in direction to each other to form an overlapping matrix of pixels. In 
particular, for a matrix display, the ITO is patterned into horizontal and vertical 
stripes 9 and 10 with small gap between the stripes. The intersection area between the 
top and bottom electrodes respectively of the first and second conductive layers 5A 
and 5B forms the pixel area as shown in Figure 6. In another embodiment, both the 
first and second conductive layers 5A and 5B are transparent. Voltages are applied to 
the top and bottom electrodes to switch the liquid crystal cell to either the bend state 
or the splay state of alignment. For example, the electrical pulse having low frequency 
can align the liquid crystal layer 7 to the bend state, and the electrical pulse having 
high frequency can align the liquid crystal layer 7 to the splay state. Alternately, a 
dual frequency driving method can be used to drive the BBS with the help of a 
dielectric anisotropy that changes sign as the driving frequency is changed. For the 
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bend state, we need a positive As so that when a voltage is applied between the top 
and bottom electrodes, the mid-plane liquid crystal molecules will align themselves 
vertically, thus favoring the bend alignment As the driving frequency is change so 
that As is negative, then the mid-plane molecules will favor a horizontal alignment. 
Thus a splay deformation is obtained. 

Now both the splay and bend states are so-called birefringence modes for a 
liquid crystal display. The transmission of these states is given by the equation 

T = cos 2 (a-y)- sin 2a sin 2y sin 2 8 (12) 

where a and y are the polarizer and analyzer angles; S is the phase retardation of LC 

cell which is given by 
d 

5 = ^\{n e (e)-n o yiz (13) 
o 

where n c (6) is the extraordinary refractive index, n Q is the ordinary refractive index of 
the liquid crystal material, and d is the thickness of the liquid crystal cell. As usual An 
= n e - n Q is the birefringence of the liquid crystal material, a, y and dAn can be 
optimized to obtain the best optical properties. Our goal is to achieve the highest 
contrast ratio (CR) which is the brightness of the on-state divided by the residual 
brightness of the dark state, and less dispersion for bright state. The optimization 
shows that -y= 45°, and dAn = 0.30~0.32/rtn. Since the display mode is the same 
as the normal birefringence mode liquid crystal display, therefore odd multiples of 
this value 0.30~0.32//m can also be used to make the liquid crystal display, at the 
expense of higher color dispersion. Thus it is possible to have dAn = 0.93//m, 1.55/an 
as well. 

Generally, for common LC materials, large n e -n Q results in larger As which 

implies a faster response. But larger n e -n 0 means that the cell gap should be smaller 

for a fixed dAn. The cell gap cannot be too small due to manufacturing yield. We have 

made three kinds of LC cells. The details are shown in Table 1. In particular, the LC 

materials in Table 1 can be obtained from Merck Company, All of them showed the 

bend-splay bistabilities. The 3.25/im cell gap case is interesting because it has a large 
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As and an appropriate cell gap. But it should be stressed that any cell gap can be used 
in our bistable bend-splay display. 

Table 1. LC mode selection 



d (jjm) 


LC materials 


tU-n a 


As 


1.5 


5CB or 5700-100 


0.15-0.18 


25.8 


3.25 


5700-000 or 7500-000 


0.1-0.12 


23.6 or 10.2 


5 


88Y1104 


0.07 


10.4 



In a second preferred embodiment of the BBS, the driving of the cell from the 
bend configuration to the splay configuration is achieved through a horizontal electric 
field. The basic cell structure of this BBS is shown in Figure 7. It is essentially the 
same as Figure 4 except that ITO electrodes 11 and 12 of the first and second 
conductive layers 5A and 5B are now patterned. In particular, the bottom electrode 12 
has an interdigital structure as shown in Figure 8. In the experimental demonstration, 
the interdigital electrodes are 4//m wide and spaced 6 /mi apart, resulting in a pitch of 
10//m. Other dimensions are possible. 

For this preferred embodiment, the driving method is shown in Figure 9. The 
top electrode 11 is biased at a common voltage V c . Electrical pulses are applied to the 
interdigital electrodes 11 and 12. The opposing digits are given voltages of Vj and V 2 
respectively. This is different from the common in-plane switching method of liquid 
crystal displays in which the top electrode is floated. But this comparison is irrelevant 
to our invention anyway. The important point here is that we can control the voltages 
on the interdigital electrodes 11 and 12 such that either a vertical or horizontal electric 
field is imposed upon the liquid crystal molecules. 

In the simplest case, V c is kept constant at ground. Two electrical pulse trains 

Vj and V 2 are applied to the bottom electrodes. When Vj and V 2 are the same, either 

positive or negative, the electric field inside the liquid crystal cell is in the vertical 

direction. The liquid crystal alignment will favor the bend state. When V t is opposite 

in sign to V 2 , the electric field inside the liquid crystal cell is horizontal (in-plane). 
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Thus the splay state is obtained. The efficiency of switching is dependent of the 
spacing of interdigital electrodes, the liquid crystal cell gap and the amplitude and 
duration of the electrical Vj and V 2 pulses. 

The interdigital electrode is amenable to a matrix arrangement for making a 
passive matrix display. The arrangement of the top and bottom electrodes is depicted 
in Figure 10. The common top electrodes are used as scan electrodes while data is fed 
to the interdigital lines. In this case, V c also participates in the driving scheme. Thus it 
is possible to multiplex the driving scheme to make a high-resolution display with no 
cross talk. 

In order to test the effectiveness of this preferred embodiment, we fabricated 
three kinds of liquid crystal cells as shown in Table 1. All of these cells can show 
BBS bistability and can be switched. Here we cite the results of the 3.25/^m cell as an 
example. In this example, the glass plates with ITO electrodes are treated by oblique 
SiO x evaporation with evaporation angle of 85°, and thickness of 150nm. Under this 
condition, the pretilt angle was 45°. The rectangular pulses of voltage U and duration 
t are applied. The experimental results are shown in Figure 11. Here, U=27V and 
7= lms. We used the same voltage for both bend state and the splay state. However, 
the voltages needed for the bend state can be different from that of the splay state. For 
circuitry considerations in a matrix-driving scheme, having the same voltage is a little 
more convenient to control. 

Figure 12 shows the transmission spectra of the splay and the bend states. It 
can be seen that the wavelength dispersion for this display is quite small. The dark 
state is quite dark, giving an experimentally measured CR of 45. It is possible to 
improve the contrast and the light transmission efficiency by adding a half-wave plate 
between the polarizers. From theoretical simulations, CR of over 200 can be achieved 
with white light illumination. 

Generally, the switching voltage is related to the duration of the switching 
pulse. For a short pulse, a higher voltage is required. All experimental data obtained 
in this preferred embodiment were obtained using SiO x evaporation with a 45° pretilt 
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angle. The method to obtain the high pre-tilt angle alignment here is conventional. 
For example, T. Uchida et al teach such method (see, T. Uchida, M. Ohgawara and M. 
Wada: Japn. J. Appl. Phys. 19, 2127 (1980)). Figures 13 and 14 show our 
experimental data. Here we varied the duration of the driving pulses Vj and V 2 , and 
measure the voltage needed for switching. It can be seen that the smallest duration 
that can achieve bend-splay switching is 50//s. However, over 85V is needed. For a 
lms pulse, the voltage needed is 28V. From Figure 12, it can be seen that the voltage 
needed for switching for this 3.25/im cell is less than 10V for a 10ms pulse. This is 
well suited for a matrix display using conventional driver electronics. 

In a third preferred embodiment of the present invention (not shown in 
figures), the liquid crystal cell is designed as a one-polarizer reflective display. In 
particular, one of the interdigital electrodes or the common electrodes is optically 
reflecting. The configuration of this liquid crystal cell is the same as the transmittive 
display, except that here, either the interdigital electrodes or the common electrode is 
now made of a reflective metal. The polarizer on the side of the metallic electrode 
also can be eliminated since it will now serve no function. As in the previous cases, 
the LCD cell with a high pre-tilt layer was achieved by SiO x evaporation. 

The reflectivity of this liquid crystal display is given by 

T =1- sin 2 2a sin 2 25 (14) 
Again, optimal optical performance is possible for a = 45°. However, for the 
reflective display, since light traverses the liquid crystal cell twice, the birefringence 
cell gap product dAn should be half of that of the transmittive case. For this reflective 
cell, the LC modes are listed in Table 2. 



Table 2. LC mode selection 



d(fjm) 


LC materials 


n e -n 0 


As 


0.8 


5CB or 5700-100 


0.15-0.18 


25.8 


1.63 


5700-000 or 7500-000 


0.1-0.12 


23.6 or 10.2 


2.5 


88Y1104 


0.07 


10.4 
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Other values are possible, with the help of a retardation film to compensate for 
better optical properties. Also, for the sake of manufacturing and mass production, a 
larger cell gap may be needed at the expense of compromised optical performance. 

In a further embodiment of the present invention, the bistable display can be 
driven in a passive matrix mode. With the finger electrodes Vj and V 2t and the 
common voltage V c properly designed, a passive matrix display can be designed with 
no crosstalk, regardless of the multiplex number. This is a major advantage over non- 
bistable displays where there is crosstalk associated with multiplexing. An example of 
the values of V h V 2 , and P c can be shown in Table 3 for the case of 1ms pulses. 



Table 3. Switching behavior of a passive matrix bistable display 



V, (volt) 


V 2 (volt) 


V e (volt) 


Final state 


15 


-15 


0 


Splay 


28 


28 


0 


Bend 


15 


-15 


15 


No change 


28 


28 


15 


No change 



The common rows are used as the addressing electrodes. Select voltage is 0 
and nonselect voltage is 15V. The data lines are Vj and V 2 . Here a combination of Vj 
and V 2 gives the data signal. A combination of 15V and -15V gives the splay state 
while a combination of 28V and 28V give s the bend state. All of these switching 
behaviors have been verified experimentally. 

All the voltages can be offset by a constant voltage without affecting the 
behavior of the display. For example, 15V can be subtracted from all the voltages to 
make the select voltage -15V and the nonselect voltage 0 for the scan lines as follows: 



Table 4. Switching behavior of a passive matrix bistable display 



V, (volt) 


V 2 (volt) 


V e (volt) 


Final state 


0 


-30 


-15 


Splay 


13 


13 


-15 


Bend 


0 


-30 


0 


No change 


13 


13 


0 


No change 
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Other voltages are possible as long as switching can be achieved without 
crosstalk. For example, for the case of a 10ms pulse, the following combinations 
should provide proper multiplexing of the passive matrix display: 



Table 5. Switching behavior of a passive matrix bistable display 



V, (volt) 


V 2 (yo\t) 


V c (volt) 


Final state 


10 


-10 


0 


Splay 


10 


10 


0 


Bend 


10 


-10 


10 


No change 


10 


10 


10 


No change 



If we subtract 10V from all the electrodes, there will be no change in the 
behavior of the display, and the following table can be obtained: 



Table 6. Switching behavior of a passive matrix bistable display 



V, (volt) 


V 2 (volt) 


V c (volt) 


Final state 


0 


-20 


-10 


Splay 


0 


0 


-10 


Bend 


0 


-20 


0 


No change 


0 


0 


0 


No change 



This represents a very simple driving scheme, as Vj is kept constant at all 
times. V 2 is switched in a manner similar to ordinary multiplexing of STN liquid 
crystal displays. Thus one can use commercial STN LCD drivers to drive this bistable 
display. 

The present invention has been described in detail herein in accordance with 
certain preferred embodiments thereof. To fully and clearly describe the details of the 
invention, certain descriptive names were given to the various components. It should 
be understood by those skilled in the art that these descriptive terms were given as a 
way of easily identifying the components in the description, and do not necessarily 
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limit the invention to the particular description. For example, the substrates are 
typically made from glass, but may be made of any material that can interact properly 
with the alignment layer, the electrodes and the liquid crystal cell. Further, a few 
methods of obtaining the high pre-tilt angle are provided, but the present invention is 
not limited to the provided methods. The present invention is applicable as long as 
the high pre-tilt angle can be achieved. Therefore, many such modifications are 
possible. Accordingly, it is intended by the appended claims to cover all such 
modifications and changes as falling within the true spirit and scope of the present 
invention. 
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